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Critical hydrogenation effect on magnetic coercivity of perpendicularly magnetized Co/Pd multilayer nanostructures
I. INTRODUCTION
Since the beginning of the twentieth century, because of the limitations of the fossil age and the continuing increase in energy demand, hydrogen has become a key element in the future renewable energy. 1 Searching for new materials for hydrogen catalysis, storage, and sensing is still challenging. In addition to its conventional gas phase, hydrogen can be stored in the interstitial sites of a crystalline lattice. The volumetric hydrogen density can thus be highly increased. Therefore, metal-hydride systems have been widely studied in recent decades because of their potential for hydrogen storage and sensing. After absorption, hydrogen can modify the crystalline, morphological, and, particularly, the electronic structures of metals. Correspondingly, their optical and magnetic properties can also be significantly modulated. [2] [3] [4] Based on this concept, various hydrogenated metallic films have been considered as functional materials for hydrogen sensing and real-time monitoring of hydrogen diffusion. [4] [5] [6] [7] [8] [9] Palladium (Pd) has long been used as a highly efficient catalyst for hydrogen dissociation and absorption. 4, [10] [11] [12] [13] [14] [15] Thin Pd films with a thickness of a few nanometers are widely used in metal-hydride systems. 8 Many studies have investigated various Pd alloys, multilayers, and nanostructures for determining the effects of hydrogenation. 16 In Pd alloys, Pd hydrogenation may easily result in a proximity effect on the functional materials underneath. 17, 18 This fundamentally critical effect is applicable in future techniques. In Pd nanostructures, the high ratio of surface atoms to volume atoms may substantially reduce the duration of hydrogenation processes, including dissociation, absorption, and desorption. 19, 20 In addition to being a hydrogen catalyst, in spintronics, Pd is also a key element in memory storage. 21, 22 The interface anisotropy in Co and Fe/Pd multilayers dominates the shape anisotropy of the Co, Fe layers and yields perpendicular magnetization, which can significantly increase memory density. Thus, Pd is a multifunctional element for use in devices or sensors, being applicable in both spintronics and energy uses. In this study, Co/Pd multilayer nanostructures were fabricated for the investigation under various ambient hydrogen pressures. Reversible, marked and time-dependent changes of the optical, magnetic, and magnetooptical properties of the nanostructures were investigated during hydrogenation.
II. EXPERIMENT
The Pd(5 nm)/[Co(0.5 nm)/Pd(3 nm)] 12 /Au(3 nm) multilayer films were deposited on Si(100) substrates using DC magnetron sputtering under a 3-mTorr Ar pressure at room temperature (RT). The base pressure of the chamber was better than 2 Â 10 À8 Torr. The period of the Co(0.5 nm)/ Pd(3 nm) multilayer was 12. To obtain a perpendicular anisotropy, a 5-nm Pd seed layer was deposited prior to the Co/Pd multilayer stacking, and the complete film structure was capped with 3 nm Au to prevent oxidation. 23 Figure 1 (a) displays a scheme of the [Co(0.5 nm)/Pd(3 nm)] 12 multilayer structure. The main features in the XRD pattern were the two peaks at 2h ¼ 40.68 and 2h ¼ 38.58, corresponding to the CoPd(111) and Au(111) peaks, respectively. The only CoPd(111) peak is an indication of the good growth of the fcc(111) of Co/Pd multilayers. As shown in the scanning electron microscopy images in Figures 1(c) and 1(e), Pd(5 nm)/[Co(0.5 nm)/Pd(3 nm)] 12 /Au(3 nm) multilayer nanodots (NDs) and nanodot-chains (NCs) with varied diameters d from 430 nm to 550 nm and a fixed pitch of p ¼ 620 nm were fabricated on silicon substrates, using deep ultraviolet lithography at a 248 nm wavelength, followed by a lift-off process. 24 For direct comparison, the corresponding continuous Co/Pd multilayer film (CF) and Co/Pd dots were deposited simultaneously. The magnetic properties were investigated at RT, by applying the magnetooptical Kerr effect (MOKE). 25, 26 The MOKE measurement system was equipped with four electromagnetic poles installed in a vacuum chamber. The MOKE hysteresis loops were investigated in both perpendicular and in-plane geometry by switching the polarity of the electromagnet with the same optical setup. The MOKE chamber was either pumped to a vacuum of 5 Â 10 À3 mbar or filled with hydrogen gas. The hydrogenation-induced reversible effects on the magnetooptical and magnetic properties were examined by applying different hydrogen pressure ðP H 2 Þ in the MOKE chamber.
III. RESULTS AND DISCUSSION

A. Magnetic properties
In order to investigate the magnetic properties of the Co/ Pd dots as a function of the dot diameter, the pitch was fixed at 620 nm and the diameter was varied from 430 nm to 550 nm during the deep ultraviolet lithography process. The bigger dots merged to form nanodot chain in the lithography process due to the small gap. The nanodots, nanochains, and continuous film represent the three cases of samples with full, partial, and zero lateral area exposed to H 2 gas. switching at H c ¼ 400 Oe followed by a large tail until magnetic saturation at H sat ¼ 1000 Oe. Immediately after exposure to 67 mbar hydrogen, the H c substantially increased to 700 Oe, and then slightly decreased with a H 2 pressure of up to 1000 mbar. The extended long tail of magnetization switching during 500-1000 Oe disappeared, and the hysteresis loop shape became square-like. Correspondingly, the Kerr intensity also decreased drastically to approximately 10% of the pristine value in the first step of exposure to 67 mbar of hydrogen.
Regarding the Co/Pd multilayer NDs, Figure 1 (d) exhibits the evolution of the MOKE hysteresis loops on hydrogen exposure. The H c monotonically decreased from 135 Oe to 102 Oe with increasing H 2 pressure, as depicted in Figure  2 (c). The hydrogenation of the NDs only lowered the H c and did not change the shape of the hysteresis loops (i.e., the magnetization switching process). Corresponding to the decrease in H c , the Kerr intensity decreased to approximately 75% of the pristine value when the H 2 pressure reached 1000 mbar (Figure 2(d) ).
Regarding the NCs, as shown in Fig. 1(f) , the shape of the magnetic hysteresis loops changed with hydrogen exposure. The magnetic switching process around H c became steeper with increasing H 2 pressure. Figure 2(e) shows the H c evolution on hydrogenation. In contrast to the substantial H c reduction in CF and NDs, the H c of the NCs increased approximately 6% from 700 Oe to 740 Oe when the hydrogen pressure ðP H 2 Þ reached 300-500 mbar. Subsequently, the increase of P H 2 from 500 to 1000 mbar continuously changed the shape of the hysteresis loop, but the H c decreased to nearly the pristine value. As shown in Figure 2 (f), the Kerr intensity monotonically decreased approximately by 17% with P H 2 up to 1000 mbar.
The Co/Pd NDs show a much smaller coercive field (H c ) of 130 Oe when compared with that of CF (H c ¼ 470 Oe) and NCs (H c ¼ 700 Oe) at vacuum state. This could be due to a reduction in the perpendicular magnetic anisotropy (PMA) or canted anisotropy axis at the edge of the nano-dots. It has been reported in the study of Shaw et al. that variation in PMA or anisotropy axis of defects can cause a significant change in reversal field of patterned Co/Pd multilayer nanostructures. Comparing the effect of hydrogenation on the magnetic properties of the Co/Pd multilayer nanostructures indicated that the maximum modulation of H c for the CF, NDs, and NCs reached þ47%, À25%, and þ6%, respectively. For both the CF and NCs, the magnetization switching processes were affected by the presence of hydrogen in the materials. In particular, the hydrogenation effect on magnetism was most pronounced and sensitive in the CF. These differences were expected to originate from the different geometric sizes of the nanostructures at nanoscale. 28, 29 Magnetization reversal of Co/Pd multilayer structures depends on the competition of the reverse domain nucleation field H n and the domain wall propagation field H p . 30, 31 For Co/Pd multilayered films, H n is usually smaller than H p and the magnetization reversal occurs via rapid domain wall motion from a few very low anisotropy nucleation sites. However, when the Co/Pd multilayers are patterned into sub-micrometer sized structures, the nucleation sites of the films are sampled and the probability to find such nucleation sites is reduced due to decreased film area of the magnetic structures. 31 Therefore, H n becomes higher than H p . Magnetization reversal is thus governed by the nucleation of the reversed domain. No magnetization reversal would occur until the applied filed reaches H n because there is no domain wall. Once the reversed domain is nucleated, the domain wall propagates rapidly until the whole nanomagnet is reversed. Therefore, in the case of the Co/Pd NDs, the À25% H c reduction may be attributed to the hydrogenation effect on the nucleation field of reversed domain. The absorption of hydrogen decreased the intrinsic magnetic anisotropy, thus leading to the H c decrease. In comparison with the NDs, the considerable H c modulation in the Co/Pd CF indicated that hydrogenation can considerably modify the domain wall motion with a low hydrogen concentration. In the Co/Pd NCs, the hydrogenation effect on both the domain wall motion and domain flipping must be considered. However, in contrast to the Co/Pd CF, the domain wall motion in NCs was confined to a one-dimensional direction. The hydrogenation effect on the uniaxial-confined domain wall motion in the NCs could be the main mechanism responsible for their peculiar H c evolution.
As mentioned in the previous studies, hydrogen adsorption may lead to the lattice expansion of Pd. In the initial stage, H atoms occupy the interstitial sites of the Pd crystalline lattice (a-phase). With increasing hydrogen absorption, the Pd lattice can be expanded by 2-3% (b-phase), depending on the sample size and geometric arrangement. 4, 16, [32] [33] [34] In the Co/Pd multilayer nanostructures, due to the exposed lateral surface, the hydrogen adsorption could possibly expand the Pd lattice and then modifies the strain associated with the Co-Pd interfaces, leading to the change of magnetic anisotropy or domain wall motion. Besides, the addition of Pd-H and Co-H bonds may also change the electronic structures and the magnetic properties as well. 35 The dominance of the strain or the electronic structure effect on the observed features is hard to distinguish and needs further studies to clarify.
B. Magneto-optical properties
To identify additional details of the hydrogenation effect on the optical and magnetooptical properties of the Co/Pd nanostructures, additional analyses based on the MOKE measurement were performed. We used a p-polarized 670 nm laser shone on the sample at an incident angle of 458. An analyzer, composed of a linear polarizer at a small angle / from the s-axis and a photodiode, was used to detect the reflected beam. When a magnetic sample was used, the reflected beam was no more purely p-polarized; instead, it was composed of a p-component (E p ) and an s-component (E s ). 36 The ratio of E s /E p can be expressed as h þ i, where h is the Kerr rotation, and is the Kerr ellipticity. When / is small, the measured light intensity I can be expressed as a parabolic function of /, as expressed in Eq. (1) 26,36
The indices of m indicate the values corresponding to the positive or negative magnetization state. The saturation Kerr rotation, defined as h k ¼ ðh þm À h Àm Þ=2, is obtained from the shift of the extinction (minimum) angle of the two parabolas of the positively and negatively magnetized sample (i.e., m). When the magnetization is switched, the change of intensity DI ¼ I þm À I Àm , named as the Kerr intensity, is a linear function of analyzer angle /, as shown in Eq. (2). 26, 36 The slope of the Kerr intensity DI is proportional to jE p j 2 and h k . The reflectivity jE p j 2 and saturation Kerr rotation h k are deduced by fitting the parabolic curves I m ð/Þ and linear functions DIð/Þ in Eqs. (1) and (2), respectively. 36 jE p j 2 determines the curvature of the parabolic function, and corresponds to the reflectivity of the sample.
Figures 3(a) and 3(b) show the light intensity I m and Kerr intensity DI ¼ I þm À I Àm of a [Co/Pd] 12 multilayer continuous film under vacuum and 1000 mbar H 2 gas, respectively. In Figure 3(a) , the light intensity of the positive or negative magnetization state (I m ) is plotted as a function of the analyzer angle / and fitted with the parabolic function of Eq. (1). In Figure 3(b) , the Kerr intensity DI ¼ I þm À I Àm , measured in a vacuum and 1000 mbar H 2 gas, is plotted as a function of the analyzer angle /, and fitted with the linear function of Eq. (2). According to our fitting results, the Kerr rotation angle decreased to 93.6% and the reflectivity jE p j 2 was substantially reduced to only 6.6% of the pristine value after hydrogen exposure. A similar analysis was conducted on the Co/Pd multilayer NDs and NCs (Figures 3(c) and  3(f) ). Regarding the NDs, the saturation Kerr rotation angle considerably decreased to 77%, whereas the reflectivity remained nearly invariant (99.7%). Regarding the NCs, the saturation Kerr rotation angle decreased to 76%, and the reflectivity decreased slightly to 95.1% of the pristine value before hydrogen exposure. Based on this analysis, from the optical perspective, hydrogenation led to a substantial reduction in reflectivity for the Co/Pd CF, but only to a minor modification of reflectivity for the NDs and NCs. This is consistent with the findings of previous studies. Matelon et al.
reported that the hydrogenation-induced reduction of reflectivity reached 8% for 7.6-nm Pd/Si(111) and 16% for 7.6-nm Pd/Al 2 O 3 (110). 8 Therefore, the pronounced reduction of reflectivity in the Co/Pd CF, which was sensitively induced by hydrogenation, indicated that this can be a suitable material for developing a real-time optical sensor for monitoring hydrogen. Regarding the magnetooptical properties, hydrogenation slightly changed the h k of the CF, but resulted in a substantial reduction in the h k of NDs and NCs. Moreover, the extinction angles of the I m parabolas were also shifted by hydrogenation, because the optical properties of the Pd layer changed. 25 The deduced reflectivity change and Kerr rotation angles are summarized in Table I for  comparison. In 2004, Lederman et al. reported that hydrogenation of Pd/Fe led to the enhancement of magneto-optical signal up to 50%.
14 This effect results from a change in the optical properties of the Pd overlayer, as confirmed by vibrating sample magnetometry. Our previous studies further confirmed the similar hydrogenation effect on magneto-optical properties in Pd capped Fe, Co, and Ni bilayers. 36, 37 In these experiments, after hydrogenation, only the Kerr signal is enhanced, while the shape and coercivity of magnetic hysteresis loops are always invariant. The invariance of hysteresis loop shape and coercivity indicates that the magnetic behavior of the Fe, Co, and Ni underlayers is not changed by hydrogenation.
In 2011-2012, Munbodh et al. reported that hydrogenation changed the magnetic moment and coercivity of Pd/Co multilayers. 16, 38 Our latest report also shows that 700 Kannealing promotes the interface alloy formation and perpendicular magnetization of Pd/Co/Pd trilayers. 25 In the post-annealed Pd/Co/Pd, hydrogenation not only increased the Kerr signal but also enhanced the magnetic coercivity by 17%. 25 The magneto-optical signals reacted faster (slower) than the magnetic coercivity did after hydrogenation (dehydrogenation).
In comparison of the above two kinds of Pd-related system, hydrogenation does not change the magnetic property of simple bi-layers or trilayers, but induces significant variation in magnetism of multilayers or alloyed interface. This implies that the magnetic atoms in the proximity of Pd atoms could be crucial for the large hydrogenation effect on magnetism. In our current [Co(0.5 nm)/Pd(3 nm)] 12 multilayers, the large area of Co-Pd interface also led to the significant modulation of magnetism. As shown in Figure 1 , not only the Kerr signal but also the shape and coercivity of magnetic hysteresis loops are modified by hydrogenation.
C. Response time
Because MOKE measurements provided the intrinsic magnetic property of H c , as well as the optical signals, the response times of H c and the optical signals to hydrogenation were also investigated. Figure 4 response of the CF after exposure to 50 mbar of hydrogen and after the hydrogen was pumped out of the chamber. The H 2 -induced reduction of light intensity took 2000-3000 s, whereas the recovery of 80% of the reduction required only 80 seconds. Correspondingly, the time-dependent H c evolution of the Co/Pd CF, induced by 50 mbar hydrogen exposure, was also investigated. After exposure to 50 mbar of hydrogen, the H c of the CF gradually increased and became saturated within thousands of seconds. However, immediately after the hydrogen was pumped out, the H c recovered its pristine value within 80 s. In this study, H c and various P H 2 were simultaneously recorded during cyclic hydrogenation with various P H 2 and the reversibility of the hydrogenation effect on the H c of the Co/Pd NDs was successfully demonstrated. Fig. 5 shows the reversibility of the hydrogenation effect on H c of Co/Pd NDs. The magnetic coercivity was simultaneously recorded in cyclic hydrogenation with various P H 2 . The H c repeatedly decreased from approximately 130 Oe to a lower value after exposure to various P H 2 . The original H c was recovered after dehydrogenation by simply pumping out the hydrogen gas from the MOKE chamber, and maintaining the sample under vacuum. The hydrogenation response time of NDs was considerably faster than that of our conventional MOKE measurement (1-2 min). To monitor the fast hydrogenation reaction, after the sample was saturated in a positive field, we monitored the light intensity with a negative magnetic field (70-130 Oe) that was simultaneously applied during hydrogenation. In a low magnetic field, the change of light intensity revealed the pure optical response to hydrogenation. When the field was close to the H c , because hydrogenation reduces the H c and thus leads to magnetization switching, the change in light intensity included not only the optical response but also the magnetooptical signal (i.e., the Kerr rotation). As shown in Figure 4(b) , when the magnetic field was small (i.e., 70-80 Oe), the light intensity increased and was saturated within 1 s. When the magnetic field was gradually increased to 130 Oe (close to the H c ), a reversal of light intensity was observed. Light intensity first reached a maximum value within 1 s, and then decreased within the next 2 s. This reversal behavior was due to the magnetooptical signal corresponding to the magnetization switching in a high field. Furthermore, as shown in the right panel of Figure 4 (b), the hydrogen desorption from NDs required approximately 10 s, which was much faster than the hydrogen desorption from other samples. The time-dependent responses to hydrogenation and dehydrogenation of the Co/Pd NCs are plotted in Figure 4 (c). In both hydrogenation and dehydrogenation, the light intensity revealed a pronounced and steep change within 50 s. Subsequently, the light intensity changed slowly with a time constant up to hundreds of seconds. In the comparison of the time-dependent hydrogenation-response of the Co/Pd CF, NDs, and NCs, the NDs exhibited a very quick hydrogenation response within a few seconds, in contrast to the much longer response time of the CF. This is expected to be due to the high ratio of the exposed surface atoms to the volume atoms in NDs. The optical response always involves a sharp change within a short time and a minor evolution with a longer time constant. This corresponds to a-to-b phase transition during hydrogen absorption and desorption. At the initial stage of absorption (a-phase), H atoms occupy the interstitial sites of the Pd crystalline lattice. With increasing hydrogen absorption, an increasing number of H atoms enter the crystalline lattice, which might be expanded by 2%-3% (b-phase). 4, 32 
IV. CONCLUSION
In summary, the reversible effect of hydrogenation on the magnetic, optical, and magnetooptical properties of Co/ Pd multilayer nanostructures was demonstrated and systematically investigated in this study. In the CF, a considerable enhancement of 47% H c and a reduction of more than 90% reflectivity were observed, indicating that CF was sensitive to a few tens of mbar of hydrogen gas. Regarding the NDs, H c was substantially reduced by 25%, and the response time was within a few seconds, being much shorter than that of the CF. In the NCs, a complex H c evolution was detected with the increase of hydrogen pressure. These distinct responses of various Co/Pd multilayer nanostructures to hydrogenation provide valuable information for future applications of spintronics and energy materials.
